By using a statistical method based on Voronoi tessellation, we investigated the nucleation of strain-driven self-assembled Ge/Si͑001͒ nanoislands and their dynamic interaction with the local environment. The evolution of the composition and strain during the growth process was also studied by Raman scattering. The use of isotopically purified 76 Ge source allows the observation of faint features in the three-dimensional nanoisland Raman signal at the early stage of the growth. The nucleus critical sizes are deduced from the scaling behavior of the Voronoi cell areas and the grown island volumes. The relatively small critical size suggests a stabilizing role of Si atoms and surface imperfections. Additionally, we found that the nucleation process on the metastable two-dimensional layer cannot only be described by the capture of newly deposited Ge atoms, but it is strongly governed by the diffusive interaction with the SiGe alloyed layer.
I. INTRODUCTION
Strain-mediated self-assembly is a versatile process by which a variety of quantum and nanoscale structures can be obtained providing a wide spectrum of potential applications in nanoelectronics, optoelectronics, and quantum information. 1 In the case of small lattice mismatched heteroepitaxy, the formation of nanostructures is governed by the StranskiKrastanow ͑SK͒ growth mode. 2 This growth mode is characterized by the transition from two-dimensional ͑2D͒ layerby-layer growth to three-dimensional ͑3D͒ islanding which occurs beyond a critical thickness of a few atomic layers to relieve the compressive strain. At the atomic scale, the nucleation process is triggered by the interaction of deposited adatom with other adatoms or surface defects resulting in stable nuclei. These nuclei grow to mature 3D islands by capturing more atoms. The quantitative description of the atomic transport during the nucleation and growth remains a formidable challenge. For its simplicity, Ge deposition on Si has attracted a great deal of attention as a model system to explore the subtle details in SK growth and to investigate the underlying physics of strain-driven nucleation. At relatively low temperatures ͑T Ͻ 600°C͒, only hut clusters bounded by ͕105͖ facets are formed due to the kinetic restrictions. 3 In contrast, coherent islands with steeper well-defined facets such as square-based pyramids or round-based domes are formed at temperatures above 600°C. 4 Si-Ge intermixing in self-assembled nanostructure leads to the smearing out of the atomlike potential well expected for a pure Ge quantum dot. 5 This phenomenon is unavoidable and occurs at the early stage of the Ge deposition on the Si substrate. 6, 7 In this paper, the nucleation and growth of 3D islands on the alloyed 2D layer are investigated at the growth temperature T = 620°C. At this temperature, both kinetics and thermodynamics play competitive roles. In our study, we combine the geometrical assessment with the composition and strain characterization to trace the nucleation and growth processes from the nuclei to the 3D islands. Beyond the critical thickness, the nuclei greater than a critical size are generated on the 2D layer. The nucleation process increases the fraction of the surface area covered with the diffusion cells corresponding to circles with a radius equal the diffusion length centered on the nucleus. The adatoms within the diffusion cells contribute to the growth of the existing stable nuclei and those outside aggregate, leading to the generation of nuclei. When the entire surface is fully covered by ensembles of diffusion cells, most of the adatoms can steadily participate in the growth of the islands. The capture zone model is introduced to describe the competition among the coexisting islands to capture the deposited adatoms. This simple model can be investigated with the help of the Voronoi cell ͑Wigner-Seitz cell͒, which is defined as the region enclosed by the perpendicular bisectors between the centers of the nearest neighboring islands. [8] [9] [10] The intersection between the Voronoi cell and the diffusion cell gives the capture zone associated with each island. This allows us to analyze the tendency of adatoms to be incorporated into the closest island. Based on this geometrical correlation between the Voronoi cells and the resulting 3D islands, we show that the growth of 3D islands involves not only Ge atoms evaporated on the wetting layer but also Si and Ge atoms transported from the SiGe alloy wetting layer, the underlying substrate, and probably the neighboring strained islands. The scaling analyses of the grown island volumes and the Voronoi cell areas experimentally determine the critical size of nuclei leading to pyramids and domes. In addition, our analysis contributes to elucidate the evolution of the 3D islands in their coexisting states. Each nucleus grows rather independently from others, eroding the intermixed wetting layer surrounding them. When the distance to the nearest neighbor becomes significantly small, the smaller pyramids act as precursors for material redistribution toward the adjacent larger domes. Such strong material-mediated interactions among the intermixed wetting layer and the neighboring islands of different sizes were reported previously based on the experimental observation of wetting layer consumption [11] [12] [13] and anomalous coarsening. 14, 15 However, the composition within the grown islands and the role of strain on the intraisland interaction are still debated. [16] [17] [18] [19] Therefore, we employ Raman scattering spectroscopy to provide a comprehensive and quantitative overview of the mass interactions during nucleation and growth of 3D islands.
II. EXPERIMENTAL DETAILS
The Ge island growth was performed on a p-type Si͑001͒ substrate using solid source molecular-beam epitaxy ͑MBE͒. Before being introduced into the chamber, the substrate was chemically cleaned by the Ishizaka-Shiraki method. 20 The protective oxide film was removed in the growth chamber by annealing the substrate at 800°C. The surface cleanliness, especially regarding carbon, was confirmed by the ͑2ϫ1͒ streaky pattern of reflection high-energy electron diffraction. After the cleaning process the temperature was gradually reduced to T = 620°C for Ge deposition. Ge was deposited onto the substrate from an isotopically purified 76 Ge solid source heated at 1160°C in an effusion cell. The pressure in the chamber during the growth was kept in the range of 10 −10 Torr. Here the deposition rate of 76 Ge was fixed at 0.04 ML/s ͑1.0 ML= 6.78ϫ 10 14 atoms/ cm 2 ͒. The growth rate was determined using Rutherford backscattering spectrometry. The substrate was cooled down to room temperature immediately after the growth. The surface morphology was investigated by ex situ atomic force microscope ͑AFM͒ in tapping mode. The critical thickness of 2D-3D transition was defined as the maximum Ge coverage at which no 3D islands were observed by AFM. Under our growth conditions, this thickness is found to be WL= 4.4Ϯ 0.1 ML. The aim of the present work is the investigation of the nucleation and growth of self-assembled Ge islands on the 2D layer. Therefore, the "zeroth monolayer," the starting point, is defined as the point at which the wetting layer is completed. This means, for example, that 1.0 ML growth from now on refers to the growth of a 4.4 ML wetting layer followed by a 1.0 ML deposition that induces the 3D islanding via the SK mode. Micro-Raman scattering spectroscopy was carried out at room temperature using Ar + 514.5 nm laser focused to a 1-m-diameter spot. The backscattered light was dispersed by a single spectrometer and detected by a charge coupled device. The spectral distance between adjacent channels is 0.7 cm −1 .
III. RESULTS AND DISCUSSIONS
The correlation between the volume of the grown 3D island and the corresponding Voronoi cell areas is an important index to reveal the dynamic behaviors of adatoms on the 2D layer. If the correlation coefficient is close to unity, the capture zone model would turn out to be valid, indicating that the adatoms on the surface would tend to be incorporated into the nearest neighboring islands.
9 Figure 1 shows the distribution of the volume of the 3D islands as a function of the corresponding Voronoi cell areas by evaluation of 500 islands at given amount of Ge deposited on the 2D layer. Clearly, the 3D islands are separated into two groups, small pyramids and relatively large domes, by the boundary set at the critical volume of V c = 1.2ϫ 10 4 nm 3 . The insets display AFM images of samples obtained upon deposition of 0.2, 0.8, and 2.0 ML. The network superimposed on AFM images shows the Voronoi tessellation calculated from the center of each island. The validity of the capture zone model in the deposition range of 0.2-4.0 ML is statistically analyzed by the correlation coefficient r ͓Fig. 2͑a͔͒. The evolution of the island density is also an important parameter projecting the nucleation frequency ͓Fig. 2͑b͔͒. By assuming the validity of the capture zone model, the nucleation process can be described as follows: 21 initially the number of nuclei is so small that the wetting layer surface cannot be covered completely with the diffusion cells. This manifests as a poor correlation because of the break of the Voronoi cell approximation for the capture zone. Then the adatoms within the diffusion cells can be gathered into the stable nuclei whereas the continuous nucleation outside promotes the branching of the Voronoi boundaries. The correlation coefficient is improved due to the exclusive generation of nuclei until 3D island density stops increasing. When the diffusion cells overlap with each other, most of adatoms can contribute to the growth of 3D islands instead of nucleation at the steady-state regime. Beyond 1.0 ML, the Voronoi cell areas converge at the vertical broken line in Fig. 1 . At this regime, the correlation coefficient should approach unity as the Voronoi cells would coincide with the diffusion cells. However, it takes a value far below unity, as shown in Fig. 2͑a͒ , implying that the growth of 3D islands involves more complex processes than this simple model that considers the deposited Ge adatoms as the unique source of material. More specifically, the intermixed wetting layer and the underlying substrate in the vicinity of islands must be taken into account as material resources. It is worth pointing out that trenches form around the islands indicating the transfer of the material to the growing islands. 22 As it is demonstrated below, this additional source of atoms plays an important role in the nucleation process.
In order to further understand the nucleation process, we evaluated the scaling behavior of the Voronoi cell areas and the grown 3D island volumes. The scaling function for the distribution of the Voronoi cell areas is described by the semiempirical gamma distribution ͑SGD͒,
where ⌫͑␣͒ is Euler's gamma function and x is the Voronoi cell area scaled with its average value. The coefficient ␣ denotes the degree of spatial correlation among nuclei and equals 3.61 for the Poissonian Voronoi network. Figure 3͑a͒ shows the distribution of Voronoi cell areas fitted by the scaling function for each deposition amount. With increase in the surface coverage the scaled area distributions become narrower, thereby reflecting the increase of the coefficient ␣ in Fig. 3͑b͒ . This implies the possibility for the kinetic selfordering of 3D islands. 23, 24 Remarkably, this tendency continues even at the steady-state regime after deposition of 1.0 ML. The average area of the Voronoi cells then reaches about 1.4ϫ 10 4 nm 2 in accordance with the intuition that the half distance between 3D islands should be on the order of the diffusion length ϳ70 nm on the wetting layer. Recently, Pimpinelli and Einstein 25 showed that an excellent description of the capture zone size distribution can be obtained by the generalized Wigner distribution ͑GWD͒,
where the coefficient ␤ is a parameter directly related to the critical nucleus size i with ␤ = i +1. a ␤ and b ␤ are ␤-dependent constants determined by the normalization and the unit mean, respectively. 26 The nuclei that are composed of more than i + 1 atoms grow to be further stable, but those with less than i atoms tend to decompose. The distribution of the scaled Voronoi cell area can be also fitted by the universal scaling function P ␤ ͑x͒ ͓Fig. 3͑a͔͒. The value of ␤ = 4.68 yields the critical nucleus size i ϳ 4 for the deposition of 1.0 ML where the Voronoi cells coincide with the diffusion cells ͓Fig. 3͑b͔͒. The obtained value of i may appear quite small when compared to the subcritical nucleus of several hundred atoms temporarily formed on the wetting layer at much lower temperature T = 300°C. 27 In general, the higher growth temperature would require larger critical nuclei to trigger the nucleation since adatom detachment from a nucleus edge cannot be negligible. However, the mass transport from the SiGe alloy wetting layer in the present study is so significant that not only Ge atoms but also Si atoms can be contained in the critical nucleus. The stronger bonding force of Si compared to that of Ge stabilizes the nucleus to reduce the critical nucleus size. 28 In the same line, the critical nucleus size of only i = 9 has been reported for the growth of Ge/Si͑111͒. 29 On the other hand, according to the capture zone model, also the distribution of the island volumes scaled with their mean volume is expected to follow a scaling function f i ͑y͒ such as the SGD and the GWD, 
where N s ͑⌰͒ is the number of islands ͑normalized by the number of lattice sites͒ which is composed of s atoms. ͗s͘ is the average number of atoms contained in islands. This scale invariance also makes it possible to determine the critical nucleus size i. The statistical procedure was employed to describe the 2D homoepitaxial growth of Fe/Fe͑001͒ ͑Refs. 30 and 31͒ and the 3D SK growth of InAs on GaAs͑001͒. 10, [32] [33] [34] In the latter case, the surface coverage of ⌰ = ͚sN s is replaced by the effective thickness on the wetting layer, which is calculated from the total volume of 3D islands normalized to the area probed by AFM. Figure 3͑a͒ shows the scaled distributions of the island size in the submonolayer deposition range of 0.2-1.0 ML on the 2D layer. Notice that none of the scaling functions above can represent the experimental data of bimodal distributions. The fact that the scaled size distributions have nonzero values around y = 0 resembles the characteristic observed in the distribution corresponding to the critical nucleus size i =0. 30, 35 The nucleus having the zero critical size implies that the nuclei can exist inherently as single adatom on the wetting layer surface. The defects present at the wetting layer surface mediate nucleation without critical size. For instance, step edges and/or kinks are possible candidates for the nucleation sites. The growth of nucleus is encouraged by the substantial adatoms detached from the step edges of wetting layer. Such anomalous scaling behaviors supported by the observation of the nucleation at the step edges have been reported for the InAs islands on GaAs. 10 In particular, the bimodal distribution can be reproduced by the model accounting for both preferential nucleation sites and significant exchange processes between deposited adatoms and the substrate atoms in the top surface. 36 These thermally activated exchange processes induce the incorporation of Si atoms into the nuclei at high temperature.
It is conceivable that the atomic interaction with the intermixed wetting layer occurs from the nucleation regime which can affect both the composition and strain in the growing islands. Here, Raman scattering spectroscopy was employed to probe the composition and strain states during the growth of Ge/Si nanoislands. Figure 4 shows Raman spectra obtained at different deposition amount of 76 Ge isotopes. The Raman spectrum of the wetting layer shows spectral features at ϳ225, ϳ302, and ϳ435 cm −1 corresponding to 2TA͑L͒, 2TA͑X͒, and 2TA͑⌺͒ phonons of the Si substrate, respectively. No clear Raman feature due to the 4.4 ML 2D layer has appeared in accordance with the previous reports. 37, 38 Three peaks are observed at ϳ290, ϳ408, and ϳ520 cm −1 , which are assigned to 76 Ge-76 Ge, Si-76 Ge, and Si-Si modes, respectively. As the nucleation and island growth proceeds on the wetting layer, the Raman signals of the 76 Ge-76 Ge and Si- 76 Ge modes become more pronounced. Note that the 76 Ge-76 Ge peak is separately observed on the lowerfrequency shoulder of the substrate 2TA͑X͒ peak due to the isotope effect. 39 The Ge-Ge mode arising from Ge having natural isotopic abundance would have overlapped completely with the substrate 2TA͑X͒ peak. Hence, the use of enriched 76 Ge isotope source enables us to probe the faint signals of the small-sized 3D islands formed by submonolayer deposition. Figures 2͑c͒-2͑e͒ show the average SiGe composition and compressive biaxial strain inside 3D islands that are determined from the peak positions of the 76 Ge-76 Ge and Si-76 Ge modes. 16 b Ge-Ge = −400 cm −1 and b Si-Ge = −575 cm −1 are used as the strain-shift coefficients, 37 and the isotopic shift due to 76 Ge is taken into account. Figures 2͑c͒ and 2͑d͒ also display the absolute amounts of Si and Ge atoms in the 3D islands estimated from the effective thickness on the wetting layer. Remarkably, the amounts of both Si and Ge atoms incorporated into 3D islands surpass the number of the evaporated Ge atoms on the wetting layer for the deposition of 0.2 ML, indicating that most of the atoms in nuclei are supplied from the SiGe alloy wetting layer at the nucleation regime. This implies that the initial strained SiGe alloy wetting layer is largely decomposed and incorporated into the more relaxed 3D islands when the deposition reaches 2.0 ML. Such a strong interaction with the metastable 2D layer has been observed also during formation of hut clusters at relatively low temperature. 40 Above 2.0 ML, the incorporation rate of Ge atoms approaches asymptotically the Ge deposition rate. This suggests that most of Ge adatoms deposited within the diffusion cells contribute to the growth of 3D islands. In parallel, Si atoms are further incorporated from the exposed silicon substrate.
The compressive strain inside the 3D islands relaxes as a general trend beyond the deposition amount of 1.0 ML ͓Fig. 2͑e͔͒. It is well known that a large fraction of pyramids appears to undergo the pyramid-to-dome shape transition as a path for the partial relaxation of strain while some of the relatively strained pyramids decay.
14 Note that the pyramidderived plots in Fig. 1 progressively approach zero. The atoms released from the decaying pyramids contribute to the further growth of the adjacent relaxed domes as observed in the growth of InAs on GaAs͑001͒. 41 The driving force for the Ge deposition amounts on the wetting layer. All spectra are normalized to the Si-Si mode of the substrate. For comparison, Raman spectrum of the wetting layer having the critical thickness ͑the bottom spectrum͒ is overlapped as the dotted curves with each spectrum.
island-island interaction is known to be the strain fields present around 3D islands. 23 When the 3D islands get close to each other, the interference of the strain fields induces a biased surface diffusion. 42 Hence, the newly deposited Ge adatoms are not necessarily incorporated into the nearest neighboring islands. The effective capture zones around strained pyramids shrink whereas those around the neighboring relaxed domes expand. Therefore the simple capture zone model assuming a correlation coefficient of unity does not hold at the steady-state regime ͓Fig. 2͑a͔͒. Furthermore, the coefficient ␣ maintains a steady increase all the way up to the deposition of 2.0 ML ͓Fig. 3͑b͔͒ while the correlation coefficient r decreases after 1.0 ML ͓Fig. 2͑a͔͒. The continuous lateral ordering can occur in conjunction with the straindriven repulsive motions of closely spaced 3D islands. 43, 44 
IV. CONCLUSIONS
The nucleation and growth of Ge/Si͑001͒ SK nanoisland have been investigated at temperature of T = 620°C. The correlation between the grown island volumes and the corresponding Voronoi cell areas shows clearly that the growth of the 3D islands does not follow the simple capture zone model. In addition to the deposited Ge adatoms, the material transferred from the alloyed 2D layer and underlying substrate contributes also to the growth of the strained islands. The atomic number of critical nucleus size is obtained from the scaling analysis of the distribution of the Voronoi cell areas. The experimental values of i, much smaller than anticipated, suggest that the simultaneous incorporation of Si atoms have a thermally stabilizing effect on the nuclei. The strong interaction with the metastable 2D layer was found to occur from the nucleation regime. This is supported by the composition within the islands formed at the early stage of the growth process, which was determined from Raman analysis combined with 76 Ge isotope tracing. As soon as the 2D layer reaches the critical thickness, the formation of the nuclei is accelerated by the erosion of the intermixed 2D layer. When the surface is fully covered by the diffusion cells at the steady-state regime, most of the adatoms contribute to the growth of the existing 3D islands and no more nucleation takes place. The decrease in the distance between the neighboring islands promotes the strain-driven atomic transport especially between the strained pyramids and the adjacent relaxed domes. At the same time, the deposited Ge adatoms are not necessarily incorporated into the nearest neighboring islands. The island-island interaction unevenly deforms the capture zones around the islands of different sizes, leading to further lateral ordering.
